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NASA TT F-10,480

INVESTIGATION OF THE FLOW PAST ELLIPTICAL CONES

A, I, Shvets

Wind-tunnel investigation of the flow past six models
of an elliptic cone at Mach numbers of 0.58, 0.97, 1.19, 1.47
and 3.0, and Reynolds numbers ranging from l.2><106 to 3.Ox106.
The pressure distributions at the surface of the models and
the quantities characterizing the flow parameters in the work-
ing section of the tunnel are plotted and discussed. For the
small supersonic Mach numbers, it is found that the shock wave
front for all the models employed has the form of an almost
regular circular cone and that the local angle of a shock wave
depends more on the distribution of the cross section along
the axis of the body than on the shape of the body's cross
section, With increasing Mach number, the shape of the shock

wave in the cross section normal to the flow direction ap-
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This article describes the experimental investigations of a three- Zl30*

dimensional flow past elliptic cones. The experimental results are compared
with theoretical results and with results published by other investigators.

An elliptical cone occupies an intermediate position between a circular
cone and a triangular plate and may serve as an example when comparison is
made of flows around bodies which do not have axial symmetry. In recent years
a large number of theoretical works (S. Maslen, R. Val'o-Laurin, R. Jones, F.
Mur, V. Harley et al) and experimental works (A. Ferri, U. Rege, V. G. Tabach-
nlkov, Eggers and Allen et al) on the flow past conical nonsymmetric bodies
have been published.

The investigations were conducted on a wind tunnel of momentary action at
Mach numbers M=0.58, 0.97, 1.19, 1.47 and 3.0. The magnitudes of pressure dis-
tributions on the surface of the models and the quantities characterizing the
flow parameters in the operating region were measured during the tests. The
Reynolds numbers reduced to 0.1 m and computed from the parameters of the inci-

dent flow were measured from 1. 2x106 with M=0.58 and up to 3. OXlO6 with M=3.0.
The experiments were carried out with the angles of attack a ranging from O to
15 and tilt angles ¢ ranging from O to 45 The slip angles B had values of
0, 5, 10 and 15°.

Six models of elliptical cones were fabricated from steel for the experi-
ments. The following quantities were selected as the characteristic parameters
of the elliptical cones: the ratio of the semi-axes of the ellipse t=b/a and

*
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the magnitude of the half angle at the apex of the cone in the plane of the
major axis € (fig. 1). Models 1, 2, 3 and 4 had a constant value for the half-
angle €=30°, but different ratios of the semiaxes: t=0.66, 0.5, 0.33, 0.2,

In models 2, 5 and 6 the ratio of the semiaxes was kept constant t=0.5, while
the half-angle had the values €=30°, 22°30' and 15°. For all of the models,
the major axis of the ellipse was equal to 70 mm at the base of the cone. Each
cone had a 21 vent hole with a diameter of 0.5 mm. The vent points were
situated on 8 generatrix cones arranged in such a way that the pressure distri-
bution near the plane of the major axis could be measured as accurately as pos-
sible, 1In addition to this, in order to check the conicity of the flow, the
vent points were arranged on the generatrixes at 3 cross sections along the
length of the cone t (0.581, 0.7T4 1, 0.9 1),

The experimental values of the pressure coefficient p for all test models
at M=3.0 are shown in figure 1. When the angle of attack is O there is a pres-
sure increase in the region of the generatrixes lying near the plane of the
major axis of the cones elliptical cross section (Yy=90°). As the thickness of
the cone and the angle € are decreased there is a drop in the pressure along
the lateral surface of the model. TFigure 1 shows the results of experiments
conducted by A. L. Gonor (ref. 1) for an elliptical cone with t=0.5, €=14°30"
at Mach number M=3.0 and for a cone with t=0.66, €=30°50' at Mach number M=3.53
(squares) and also experimental data (ref. 2) for a model with t=0.561, €=22°
at Mach number M=3.09 (triangles). :

In the range M=0,58-1.19 there is a
substantial decrease in pressure away from

% the apex of the cone on all generatrixes
of the elliptical cone. The values of
pressure distribution in three cross sec-

05%2 ~ tions of the model 2 when M=0.58 are shown

in figure 2. The first cross section is
shown by black signs, the second by the
marked broken line, and the third by light
circles. The pressure drop along the

o QEEE§§ %- .
{_________, generatrixes is most clearly pronounced
R for subsonic flow, In this case, on most
— L -- of the cone surface (except for the region
near the major semiaxis), when the angle

of attack is equal to O, the positive
value of the pressure coefficient near the

a2 nose is replaced with static pressure in
1 { 5x%__, the region of the second section and at
E - . 5 /.' the tail part p reaches negative values.
R ]
ﬂ/_“"_" 7 i g Experimental data for Model 6 at M=
A ——. ———— I ST o 1.19 (circles) are shown in figure 3. At
SNSERS S S———— low supersonic velocities the disruption
Y 2 SERRNEEIY ) T— . , Of conic flow may be produced by the action
‘ 4 a Y ¥ of the boundary layer. The boundary layer
which is built up on the cone pushes back
Figure 1. the gas flow and distorts the shock wave
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Figure 2. Figure 3.

near the apex of the cone. In view of this it becomes obvious that the local
and total aerodynamic characteristics of conic nonaxially symmetric bodies at
subsonic and transonic velocities depends not only on the parameters t and €
but also on the relative aspect ratio of the body.

As the angle of attack is increased the maximum pressure is displaced from
the forward generatrix towards the middle of the windward side of the cone
(Model 5; M=3.0; fig. 4). The flow expands as we move from the windward side /132
to the leeward side but the magnitude of this expansion, compared with the mag-
nitude of contraction, decreases with the angle of attack. When the angle of
attack exceeds half of the apex angle in the plane of the minor axis, the
pressure distribution curve on the leeward side of the cone changes its shape
and pressure is reestablished in the direction towards ¥=0 (figs. 2-4). In or-
der to visualize the flow on the surface, experiments were conducted at M=3 by
coating the model with a mixture of soot and oil. As an example we shall con-
sider the flow picture over one half of Model 6 (¥=0-180°) with an angle of at-
tack equal to 15 At the central part of the windward side the streamlines
formed by soot particles almost coincide with the generatrixes of the cone.
Starting with ¥=160° there is a noticeable deflection of the streamlines to-
wards the leeward side and in the plane of the major axis the angle between the
streamlines and generatrix reaches a value of approximately 40°,

When we pass to the leeward side this deviation increases up to approx-
imately 65°, when y=63°, where there is a clearly defined straight line coin-
ciding with the generatrix.

On the leeward side of the cone we can also notice the spreading of the
stream threads from the line when ¥=0. When we approach the breakaway line at
Y=63° s the angle between the streamlines and the generatrix is approximately
equal to 20°, This picture of the flow is explained by the increase in the
layers of liquid mass which flow from the stagnation zone, by the breaking away
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of the flow from the leeward side and by the formation of symmetric vortexes at
the apex of the cone. The vortexes move along the surface towards the base of
the cone and form vortex regions. We should point out that, depending on the
shape of the body, the angle of attack and the Mach number M, the nature of the
flow on the leeward side varies and in the brezkaway zone we may have flow with
0odd number of vortex pair regions which are separated by the generatrixes on
the surface of the cone. On one side of each region there is a spreading of
the streamlines while on the other side we can clearly see a line where the
flow converges, The return flow towards the cone produced by the discharge
from the breakaway zone and by the vortexes, is responsible for the above pres-
sure increase at the central part of the leeward side, In this case the Jjet of
liquid converging from the external flow will also increase the magnitudes of
local thermal fluxes in the case of hypersonic velocities,

Tests with a tilt angle of @=45° were carried out at Mach numbers M=0.58
and 3.0, TFigure 5 shows the values of pressure coefficients on the surface of
an elliptical cone with parameters t=0.5, €=30° and M=3.0. For all of the test
models and the range of angles of attack from O to 15° the maximum pressure is
established when {=90-120°. As the angle ¥ is increased further the pressure
decreases and there is an insignificant increase in Cp in the region ¥=230-260°,

The nature of pressure distribution for slip angles B=0-15° can be seen /133
in figure 6 which presents experimental data for Model 5 at M=3.0. As the slip
angle is increased there is a substantial pressure increase in the region of

the major axis (Y=90°).

Below, the experimental results are compared with theoretical calculations.
In solving the problem of flow around an elliptical cone with a subsonic lead-
ing edge we used a series of approximate methods, most of which utilize the
linearization of the exact equations of gasdynamics. In 1947 Squire (ref. 3)

0 907 180° 270° K7

Figure 4, Figure 5.



used a special system of coordinates to show
that, in the first approximation, the pressure G 1
is constant along the span of a thin cone X '
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Here M is the Mach number of the unper- 03 \bx

turbed flow; a and b are the major and minor \Q\\\\ :
semiaxes of the ellipse which is situated at a 3\‘ ]

unit distance from the apex of the cone. The l

design value of cp (ref. 3) for Model 4 at \040- 737"

M=1.47 is shown by the dotted line in figure 3.
Figure 6.

Wide application has been made of the
theory of thin bodies which, like the linear
theory, is based on the solution of the wave equation involving certain simpli-
fications which make it possible to reduce the volume of calculations when com-
puting the flow past specific bodies. The work of Ward (ref. 4) proposes a
general linearized solution of the first order for flow around thin bodies of
arbitrary cross section. The application of this method makes it possible to
determine the two-dimensional flow potential for an incompressable fluid in a
plane perpendicular to the motion of the body., The theory of thin bodies (ref.
4) was also applied in references 5 and 6 to thin cones of elliptic cross sec-
tion. By using the equations of motion we can write the potential ¢ of the
perturbed flow in the following form:

Pue 4 Py =P, 2M° (9,0, 4 9,9,,) ¢ (1)
LTSN M9, + M0 0 ¢ 20,949, 4 9,°0,,)

where vy is the adiabatic constant. The solution of the first order does not
take into account any of the terms in the right side of equation (1). The
pressure coefficient on the surface of an elliptical cone has the form

4 ab
¢, = ab [2ln—BTa—‘§-_b7 T —2] " [(v*=a?sin? n ¢~ b% cos?n)

Here T is the nonorthogonal elliptical coordinate.

A refined solution based on the theory of a thin body, presented in refer-
ence {, takes into account the linear term ngzz in the right side of equation
(1). The equation for the pressure coefficient contains a term which is ob-

tained from the solution of the first order and an additional term which re-
fines this. solution
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The second order solution given by Van-Dyke (ref. 8) also contains non-

linear terms in equation (1) of the form 2!2(¢X¢Xz+¢y¢yz)+(y+l)Mhm The

z¢zz'

pressure coefficinet is written in the form:

cp = ab (2A + p) + B%ab [3abA® + %/, (a? + 52) A — 1/, (a — B)® + Y/, ab] +
+a%t [y + 1) M4/ B* — 2M2A + (M® — 2) Ma + (Y, M2 — 1) 3]
(A—ln-——-—-il a_b)
B(a+0) b=

The theoretical curves from the first order solution (shown by the broken {13&
line) and those obtained from refined solution (shown by dot dash’ llne), have
been computed for Model 6 at M=1.19 (circles) and for Model 4 at M=1
(squares). These curves lie below the experimental curves (fig. 3). The non-
linear terms which are taken into account in the second order solution (shown
by a dot with 2 dashes), increase the value of Cp compared with the refined
solution.

It has been pointed out in reference 8 that there is good agreement between
theoretical results and experimental results for two thin elliptical cones (t=
0.2, €=30° and t=0.1, €=30°) at M=1.41 (ref. 9). The experimental data for the
first of these models (triangles in figure 3) are in good agreement with data
for Model 4, Chapkis (ref. 10) investigated the flow past an elliptical cone
with parameters t=0.5, €=12°10' at M=5.8 and compared the data with those ob-
tained by means of the nonlinear theory (ref. 8). In spite of the fact that in
this case the forward generatrix of the cone extends beyond the Mach cone, the
author still indicates that there is a satisfactory agreement between theory
and experiment,

Solutions based on the theory of the thin wing have been obtained in ref-
erences 11 and 12 for small angles of attack. Figure 7 shows a comparison of
experimental data for Model 6 (circles) in a flow with Mach number M=3.0 and
angle of attack a=10°, with the computed value of the supplementary pressure
coefficient Acp (dot-dash), which takes into account the effect of the angle of

attack (ref. 12)

b2 2
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The computed values for Acp are approx- g3

imately 20 percent greater than the experi-
mental values over a large region of the 22
cone surface, except for the region close to

the major semiaxis. o]
L1
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The theory of the thin body is applica-
ble to flow around thin elliptical cones for
a limited range of Mach numbers. The lower 0?‘~1~
boundary of this range is determined by the
beginning of supersonic flow around cones
with the associated shock wave, while the up-
per boundary is determined by the exit of the
leading cone generatrix beyond the cone of
perturbations. The comparison of theoretical ~@2
and experimental data presented above, shows )
that for thin elliptical cones within the Figure 7.
limited range of Mach numbers, the nonlinear
theory of a thin body is in satisfactory agreement with experimental results.
However, as we can see from figure 1 (Model 6), that as the flow velocity in-
creases and the cone thickness increases the theoretical values lie substantial-
ly below the experimental values.

In the works of Ferri (refs. 13 and 14) a method was proposed which involved
linearized characteristics. The flow near an elliptical cone is considered as
a perturbation with respect to the known flow near the circular cone. The equa-
tions which determine the velocity components of the linearized flow are solved
by the method of successive approximations., Satisfactory results are obtained
in the case when the shape of the body's cross section differs little from that
of a circular cone.

The method of linearized characteristics was extended to flow past conic
bodies at an angle of atback (ref. 15). TIn reference 10 this method was applied
to obtain relatively simple equations. In the application of this method an
approximate solution is used for the hypersonic flow past a circular cone.

A. L. Gonor (ref. 16) applied the method of expansion in terms of the small
parameter (ref, 17) to the problem of flow past an arbitrary conical body at
supersonic velocity. The author established that the pressure at the wall dif-
fers from the corresponding value given by the Newton theory only by one term
which characterizes the centrifugal force due to the transverse gas flow. In
reference 18 the method of integral relationships was used to compute the hyper-
sonic flow past an elliptic cone. Cheng (ref. 19) investigated the flow in the
neighborhood of the surface of a three-dimensional pointed body; the solution
was obtained by means of series containing two parameters. Reference 20 pro- /135
posed the development of methods given in references 14 and 10 and obtained an
analytical solution for the flow past thick nonaxially symmetric conic bodies

in a hypersonic flow of gas. The numerical solution of the inverse problem on
the supersonic flow past conic bodies without axial symmetry was examined by
Briggs.

At high supersonic velocities Newton's law is used to determine the



aerodynamic characteristics of bodies in the flow approximately. The pressure
coefficient on the surface of an elliptical cone computed by means of Newton's

formula has the form

3 1+ (a~% — 1) sin® P cos o — b1 8in o cos P)? (2)

«

=2 T pr (@ —1)(1+a i+ bh)sn'y

In figure 7 the experimental results of reference 2 (triangles) and the re--
sults of reference 1k (crosses) are compared with calculated results of refer-
ence 18 (solid curve) pertaining to the flow past an elliptical cone with para-
meters t=0.56, €=22° at M=6. The same figure shows the theoretical (dot with
two dashes) and experimental data (squares, a=0 and 14°)(ref. 10) at M=5.8 and
also the computations based on Newton's theory (broken line) for a cone with
t=0.5, €=12°10'. When the angle between the direction of the incident flow and
the surface element is small, Newton's theory yields values which are substan-
tially below experimental values. If, however, the flow velocity component
along the normal to the surface corresponds to a Mach number of the order of
unity or greater, then the agreement between theoretical and experimental data
is better. TFigure T also shows the computation results obtained by Ferri (ref.
14) at M=5.42 (dotted line) and the theoretical curve for the first A, L. Gonor
apprgximation (dotted line with crosses) (ref. 16) at M= for a cone with t=0.5,
e=14°30".

In the region of moderate supersonic velocities (M=2-4) where the solutions
based on the linearization of the equations of gasdynamics, as well as solu-
tions which are utilized at hypersonic velocities, are not in satisfactory
agreement with experimental data, simple methods can be used for the approximate
determination of aerodynamic characteristics: the method of tangential cones,
the method of equivalent cones and the "refined method of equivalent cones." In
the method of tangential or equivalent cones the pressure on each surface ele-
ment of an arbitrary conical body is determined from data on the flow past a
circular cone with a zero angle of attack; in the first case the circular cone
is tangent to the body at the considered cross section while in the second case
the circular cone has the same normal velocity component of the incident flow
with respect to the surface element as the arbitrary body and the apex half-
angle of the circular cone is determined from the known value of the pressure
coefficient (2). 1In this case Newton's equations are refined because the shape
of the shock wave is no longer identified with the shape of the body. The
values obtained by the method of local cones (dot dash line) and by the method
of equivalent cones (dots with 2 dashes), exceed the experimental values in the
region of the major axis and are less than the experimental values in the region
of the minor axis (Model 1 in figure 1). Both of these methods are in satis- ’
factory agreement with experimental data only in the case of bodies which differ
insignificantly from a circular cone because each element of the surface is con-
sidered irrespective of the body's shape. In the "refined method of equivalent
cones" (ref. 21) it is assumed that the pressure distribution on the elliptical

cone depends on the quantity 6cp=c£1)-c£2) (where cél) is the pressure computed
by the method of equivalent cones, cég) is the average value of this pressure),

and on the Mach number M; at the surface of the circular cone with average /136
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pressure equal to cég). The pressure coefficient has the form

By considering figure 1 we can see that this method (dotted curve) is in
better agreement with experimental data than the method of tangential and equiv-
alent cones.

In the tests, the average bottom pressure was measured by means of 2 vent
tubes, The magnitude of the bottom pressure coefficient Cp(g) 8% @ function

of the Mach number M of the incident flow is shown in figure 8. In addition to
experimental data, the same figure shows a broken curve for the limiting value

of the bottom pressure coefficient c (g)=—l.43 M;g. For all of the test models

D
the value of the bobttom pressure is decreased insignificantly as t and € are de-
creased and as the angle of attack is increased.

The flow past the model was photographed by means of a telescope device in
the plane of the minor axis (m:O) and in the plane @=45°, and also in the plane
of the major axis (=90°). Figure 9 shows the values of the angles wy and w,

(where Wy, 1is the angle formed by the compression shock aﬁd the cone angle in the
plane of the minor axis, W5 is the angle formed in the plane of the major axis)
as a function of attack o and the slip angle B at M=3.0.

Optical investigations at small supersonic velocities showed that the shock
wave front for all test models retains the shape of an almost regular circular
cone and the local angle of the compression shock to a large degree depends on
the distribution of the area along the axis of the body rather than on the shape
of the transverse body cross section. As the flow velocity is increased the
shape of the shock wave in the section normal to the incident flow approaches
the shape of the body and the compression shock assumes a conical nonaxially
symmetrical shape.
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and Revrolde numbers ranging from 1,2 x 106 t0 3,0 x 100, The
prezs . re distributions at the surface of the models a.ad the quantitias
craracterizing the flow parameters in the worlking section of the
tunnel are plotted and discussed, For he sma’l supersonic Mach
numbersa, it is found that the shock wave 7reont for ali the models
employed has the form of an almest »erulax circular cone and that
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